Neutron radiographic methods are suitable for obtaining images of water distribution in intact plants. When a neutron beam irradiates a plant sample, the number of neutrons penetrating the sample decreases with the number of hydrogen atoms in the sample. Generally, plants contain more than 80% water, so a neutron image of a plant is approximately equivalent to its water distribution. In this study, the senescence of cut carnation flowers was observed using thermal neutron (TN) radiography and very cold neutron (VCN) radiography. A CCD-cooled camera intermittently photographed neutron images during neutron irradiation.
INTRODUCTION
The freshness of cut flowers involves water relation. For example, water stress has been shown to accelerate senescence and to reduce the longevity of cut flowers (Spikman, 1986; Borochov et al., 1982) . Hence, the water relation of cut flowers has been studied from several points of view. Some of these studies relate to water potential and leakage (Iwaya-Inoue and Nonami, 2003; Eze et al., 1986) . However, few studies have shown intact images of water distribution in cut flowers. Thermal neutron radiography (TNR) has been utilized to obtain high-resolution intact images of water distribution in plants. This method was effective for the observation of growth of plant roots in soil (Nakanishi et al., 2003) . Our research group is developing cold neutron radiography (CNR) and very cold radiography (VCNR) for use with plants. CNR and VCNR, which feature highcontrast images, are effective in detecting even slight water changes due to their lowenergy neutron beams. This method would be suitable for observing slight changes in water distribution in cut flowers according to initial changes caused by senescence. Water loss induced by vacuum cooling could be detected using VCNR . In this study, water distribution in cut carnation flowers during senescence was observed by using TNR and VCNR. This report described the relationship between water distribution and respiration rate as an indicator of the stage of senescence. 
MATERIALS AND METHODS

Neutron Radiography
Neutrons are scattered and absorbed by elements. The scattering and absorption properties of neutrons, which is called the total cross section, are inherent. When a substance is irradiated with a neutron beam, the number of penetrating neutrons depends on quantity and total cross section of elements in the substance. This means an image of penetrating neutrons provides a shadow of the amount of elements in the substance. Some elements having large total cross sections appear as clear images. Hydrogen is one of them and it forms the major constituent of living plants. Hydrogen exists in water, sugar, fiber and lipid molecules. The most numerous molecule is water, because the water content of plants is more than 80%. This means changes in water distribution can be easily detected during senescence. The number of other hydrogen containing molecules is too small to detect. Further, some other elements such as boron and lithium, which have large total cross sections, are also found in plants. However, concentrations in plants are too small to detect. Therefore, effect of those elements is negligible.
Thermal neutron radiography was conducted at NR the port (HANARO: Highflux Advanced Neutron Application Reactor, Korea Atomic Energy Research Institute, Korea) with a neutron flux of 4x106 n/cm 2 •s. The irradiation time was 20 seconds. On the other hand, very cold neutron radiography was conducted at the VCN port (KUR: Kyoto University Reactor, Research Reactor Institute, Kyoto University, Japan) under CNS-on conditions with a neutron flux of about 1 x 106 n/cm 2 •s. The irradiation time was 5 minutes. The VCN beam was used under CNS-on conditions. A CCD-cooled camera (BITRAN, BS-30L) intermittently photographed neutron images during irradiation with a neutron beam. A fluorescent substance in the neutron converter fluoresces when it is exposed to the neutron beam, and the camera captures the fluorescence image. The intensity of the neutron beam and the fluorescence is linear. Image processing software (Scanalytics, Inc., IPLab) was used for analyzing the neutron images.
Plant Samples
As samples for TNR at Korea and VCNR at Japan, spray carnation flowers (Dianthus caryophyllus L. cv. Cherry Tessino and other cultivars) were obtained from Korean and Japanese commercial growers. Samples were delivered to the laboratories without prior chemical treatment. Sample flowers were stored in a bucket filled with water before experiments, and then trimmed to a flower with about 3 cm of stem for placing in the gas-tight container. The sample was then put in a small plastic bottle filled with tap water and placed in the container.
Measurement of Respiration Rate
To evaluate the process of senescence, carbon dioxide production from a flower placed in the gas-tight container was measured by using a CO 2 gas sensor (LI-COR, LI-800) during the experiment. The gas-tight container, which was made from acrylic acid resin, had aluminum windows to allow better penetration by the neutron beam, and a sample was placed on one of the window. To observe the wilting process of the sample, 20 µl of exogenous ethylene was supplied to the chamber at the start of the experiment. The atmosphere in the chamber was circulated through the CO 2 gas sensor by an air pump. Temperature in the chamber was measured by a thermocouple. Data concerning CO 2 concentration and temperature were recorded by a data-logger (KEYENCE, NR-1000). Figure 1 and Figure 2 show the setting of experimental devices in front of the NR port at HANARO and VCNR port at KUR, respectively.
RESULTS AND DISCUSSION
The use of neutron radiography, allows the internal structure of plants to be observed. Figure 3 shows TNR and VCNR neutron images at the start of experiments. In these images, the degree of gray level decreases with the amount of water, because data were obtained from 16 bit digital images in which the gray levels were in proportion to neutron transmission. In this case, a decrease in water thickness in the sample corresponds to an increase in neutron transmission. The resolution of the TNR image from the HANARO reactor is higher than that of the VCNR image taken at the KUR reactor. The structure of the ovary tissue was clearly observed in the TNR image. However, the VCNR image was too burred to allow the identification of internal ovary tissue. The resolution of the neutron radiography image is influenced by the beam divergence. Thermal neutron beams are guided directly from the center of reactor by a guide tube. This means that the divergence is limited. On the other hand, the nickel mirror guide conducted the VCN beams. As the critical angle of the total reflection of VCN is large, the beam divergence increases. During the process, the beam divergence becomes widens. Thus, to obtain better images, samples should be placed close to the CCD camera converter. However, as carnation flowers are three dimensional, the image was blurred. Figure 4 shows changes in water distributions in samples during senescence. In the TNR images, the in-rolling process of the petals indicated by white arrows is clearly observable. On the other hand, petals in VCNR images were blurry shadows (white arrows). However, a remarkable increase in gray level was observed in the series of VCNR images, especially around the middle of the sample. However, in the TNR images, there were no marked changes in gray level. This result demonstrates the benefits of VCNR high-contrast images as suitable for detailing slight water changes in samples such as plant materials due to the low energy of the neutron beam employed . Figure 5 and Figure 6 show changes in neutron transmission of 3 different areas in a sample and respiration rate of the sample. The three areas, which are represented on photographs in both figures, are an upper part of a sample (A), a middle part of a sample (B), and a bottom part of sample including a whole ovary (C). The size of each area was 150 pixels long and 250 pixels wide. Changes in transmission were described final transmission as a percentage of initial transmission. During experiments, rapid increases and decreases of respiration rate due to climacteric rise was noted. The temperature in the gas-tight chamber at the TNR and VCNR ports were 21.6±0.2°C and 26.3±0.1°C respectively. A decrease of about 10% of fresh weight, was caused by dehydration, was observed in standard carnations during climacteric rise (Matsushima et al., 1999) . Increases in transmission at areas B and C in Figure 4 and Figure 5 suggest a similar decrease in water in samples in both experiments. Transmission at areas B and C increased simultaneously with marked increases in the respiration rate. Area B in the TNR image showed drastic increases about 5 hours after start of the experiment. This was because of the rapid in-roll of petals wrapped up the calyx due to senescence. After inrolling, the petals no longer gathered around the calyx (area B) but moved to area A. This process was supported by the decrease in transmission of area C, which is above area B, at the same time. The rapid change observed in the TNR images did not appear in the VCNR images. The difference was due to the way the samples were arranged in the gastight container. For TNR, the plastic bottle was fixed on the gas-tight chamber, while the sample was kept free. Thus the sample leant toward the beam source and the full bloom petals covered the calyx. On the other hand, the sample was tightly fixed on gas-tight container so as to allow irradiation with the neutron beam at a right angle in the VCNR experiment. Interestingly, transmission of area A in the VCNR experiment decreased at the same time as increases in those of areas B and C. This suggests that amount of water in the ovary increased as the petals were wilting. When cut carnations are in climacteric rise, the water uptake continues (Matsushima et al., 1999) . Thus, increases in water in some tissues in cut carnations are possible. The result implies that the ovary requires water to continue development, even though the petals wilted. However, the cause of phenomenon is uncertain and further study is necessary.
The advantages of VCNR were displayed in the results. In Figure 4 and Figure 5 , changes in transmission in the VCNR data were larger than those in the TNR data. This means slight change of water distribution can be detected due to the high-contrast of VCNR. However, such low energy neutron beams require longer exposure time to photograph neutron images. If a change in water distribution in the sample is too rapid to be detected by the exposure time of VCNR, TNR would be a suitable option.
In this study, changes in water distribution in cut carnations were observed during the senescence process. However, water distribution in 2-dimensional image is a projected image of the 3-dimensional sample. The amount of water at a point of the image appears as integration of amount of water, which a neutron beam penetrates. It is difficult to describe difference in water distribution in individual tissues. Neutron tomography, which provides 3-dimensional water images, can solve this problem. Our group is developing a cold neutron tomography method. Using that method, the water requirement of individual tissues in cut flowers can be clarified.
CONCLUSIONS
Water distribution in cut carnation flowers during senescence was observed by using TNR and VCNR. A highly parallel thermal neutron beam provided high-resolution neutron images, and the structure of the ovary tissue was clearly observed. On the other hand, the VCNR image was too burred to allow the identification of internal ovary tissue because of low parallel very cold neutron beams. However, VCNR images provided highcontrast images of water content due to the low energy of the neutron beam. By the method, slight changes of water distribution of cut carnation flowers were detected. The change in the water distributions corresponded to the change in respiration rate due to the climacteric rise, and clearly showed dehydration of petals and water uptake of an ovary. 
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